ABSTRACT
INTRODUCTION
Al 2 O 3 (Alumina) is an important ceramic oxide material with immerse potential for use in an extensive range of engineering products. It is a hard oxide material that possesses excellent resistance to high temperature as well chemical attack. Transition Al 2 O 3 can be produced from heat treatment of aluminum hydroxides and aluminum salts. The aluminum hydroxides can exist in four well defined forms: the monohydrate AlOOH, as boehmite, diaspore, and the trihydrate Al(OH) 3 as gibbsite and bayerite [1] , which at high temperature, all of them will transform into -Al 2 O 3 [2] . Basically, alumina refers to corundum, which has several phases such as γ-Al 2 O 3 , β-Al 2 O 3 , and α-Al 2 O 3 . However, α-Al 2 O 3 phase is the most thermodynamically stable phase.
Alumina is an interesting material because of its various advantageous properties, such as high hardness, insulation capacity, and transparency [3] , low thermal expansion and conductivity [4] [5] , as well as high melting point and thermal shock resistance [6] . For these reasons, alumina has been widely applied in advanced structural and functional ceramics, wear resistance applications, composite materials [7] , insulator [8] , surface protective coating [9] , fire retardant [10] , catalyst [11] [12] , membrane [13] [14] , protective material for abrasion and erosion environments [15] [16] [17] and armor systems [18] .
Many methods to synthesize alumina have been developed, including, ball milling [19] , sol-gel [20] , pyrolysis [21] , sputtering [22] , hydrothermal [23] , laser ablation [24] , and electrochemical method [25] [26] . Among them, the electrochemical method offers several advantages such as rapid and high purity compared with other methods [27] . Liang et al. [28] have observed the high purity of alumina (99.99%] by hydrolyzing aluminum metal. In addition, the thermal evolution of alumina gel synthesized by sol-gel at temperatures in the range of 400-900°C were reported to form γ and β-Al 2 O 3 , without α-Al 2 O 3 [29] . It has also been reported that the formation of alumina is strongly influenced by the types of precursors used. For example, crystalline alumina was formed from ammonium aluminum (NH 4 Al(SO 4 ) 2 at temperature of 1050°C [30] , and at around 900°C using Al(NO 3 ) 3 .9H 2 O (aluminum nitrate nonahydrate) [31] . The total conversion of alumina phase was obtained above temperature of 1200°C using aluminum oxyhydroxide [27] .
Preparation of alumina from aluminum salts in principle involves the hydrolysis of the salt to produce Al 3+ ions which react further with OH-ions to produce Al(OH) 3 . In this respect, the electrochemical method proposed in this current study is based on the fact that aluminum metal can be electrochemically oxidized to produce Al 3+ ions. In aqueous system, electrochemical process involves simultaneous anodic oxidation of Al metal and cathodic reduction of water to produce H 2 gas and OH-ions, according to the following mechanisms. and OH-ions produced during the electrolysis process. The Al(OH) 3 can be converted into alumina by heating, as indicated by the following reaction:
It is generally accepted that the electrochemical process obeys Faraday's law, in which the quantity of the product is linearly proportional to the magnitude of the electric current applied, which in turns is proportional to the electrochemical potential used. In the contexts of this study, it means that the potentials applied will determine the quantity of Al 3+ ions produced. In this study, an electrochemical method was applied to produce aluminum ions since aluminum metal is known as a reactive electrode, and could be electrochemically oxidized to produce Al ions produced by electrochemical oxidation of aluminum metal will react with OH -ions to produce various Al(III) species depending on the pH, the prominent species in acid condition being Al(OH) 3 [32] [33] , The present study was conducted with the aim of exploring the feasibility of using electrochemical method to produce alumina from aluminum metal as an alternative to commonly used aluminum salts and alkoxides. The precursor produced was then subjected to thermal treatment to investigate the phase conversion of alumina as a function of sintering temperatures based on the changes in the functionality, structure, and microstructure of the samples. The functionality change of as a function of thermal treatment was investigated by FTIR spectroscopy, the structure was characterized by XRD and the microstructure was studied using SEM.
EXPERIMENTAL SECTION Materials
Nitric acid used are reagent grade chemical obtained from Merck. Four aluminum rods were used two as anodes and two cathodes, respectively.
Instrumentation
The equipments used were Nabertherm electrical furnace, magnetic stirrer, and a microbalance Mettler Instrument AG, CH-8806 Greifensee-Zurich, a Perkin Elmer FTIR Spectrometer, an automated Shimadzu XD-610 X-ray diffractometer, a Philips-XL SEM and Particle Size Analyzer MicroTec plus Analysette 22, FRITSCH
Procedure

Electrochemical process
Electrochemical process for preparation of alumina precursor was carried out using an electrochemical unit which consists of a home-made glass container, equipped with a cover having four drilled holes for assembling the electrodes. Four aluminum rods were used as electrodes, two as cathode and two as anode. The electrodes were inserted vertically, through the holes on the cover, into the cell at a distance of 2 cm from each other. The electrodes were set at 3 cm above the bottom of the cell. The cell was then connected to a variable voltage supply to allow the conduct of experiments at specific potential value. To commence the experiment, an aliquot of 500 mL of distilled water was acidified to pH of 4 using 10% HNO 3 solution and was poured into the cell, and the potential was adjusted to 10 volt. Electrolysis was carried out for 2 h, and after the completion of the experiment, the sample was allowed to settle. To separate the solid product, the sample was centrifuged, and solid was rinsed repeatedly with deionised water to remove the excess of acid, and then oven dried at 110°C for 6 h. Dry gel was sintered at temperatures of 400, 800, and 1200°C, using programmed temperature with a heating rate of 5°C/min and holding time of 6 h at peak temperatures. 
Characterization
A Perkin Elmer FTIR was used for the investigation of functional groups of the alumina. The sample was mixed with KBr of spectroscopy grade, and scanned in the spectral range of 4000-400 cm -1 . XRD patterns were recorded to analyze the effect of temperature on the alumina structure. The samples were examined using an automated Shimadzu XD-610 X-ray diffractometer at the Agency of Nuclear Energy National (BATAN), SerpongIndonesia. The operating conditions used were CuK α radiation (λ = 0.15418), produced at 40 kV and 30 mA, with a 0.15°receiving slit. Patterns were recorded over goniometric (2) ranges from 5-100°with a step size of 0.02, counting time 1s/step, and using post-diffraction graphite monochromator with a NaI detector. The diffraction data were analyzed using JADE software after subtracting background and stripping the CuK α2 pattern [34] . Microstructural analysis was conducted using SEM Philips-XL, on polished and thermallyetched samples. The particle size distribution of the sample was measured using Particle Size Analyzer (PSA) MicroTec plus Analysette 22, FRITSCH.
RESULT AND DISCUSSION
Electrochemical Process
Typical example of the electrochemical process and the alumina precursor obtained are presented in Fig. 1 .
As can be seen in Fig. 1a , the formation of alumina precursor is very evident, indicated by the formation of floating flock on top of the electrochemical chamber. During the course of the time, it was found that some of the flock finally sank and deposited on the bottom of the chamber. The formation of flock indicated that the electrochemical process took place as expected. To optimize the separation of the alumina precursor, the sample was centrifuged and the solid (gel) was collected as in Fig. 1b . After calcination, dry solid was obtained and crushed into powder as shown in Fig. 1c for characterization. Fig. 2 shows the infrared spectrum of the nonsintered sample. Basically the spectrum reveals the existence of the sample as hydrate substance, as indicated by the abroad absorption bands located in the range of 3456-3400 cm -1 , which are commonly assigned to stretching vibration of O-H bond in water molecule. The contribution of water is confirmed by the absorption band at 1630 cm -1 [35] [36] , as a result of can be assigned to γ-Al-O-Al, as suggested in previous investigations [37] [38] . The existence of the functional groups mentioned above confirm that the sample is primarily aluminum hydroxide species as expected, based on the electrochemical reactions.
Characterization of Non-Sintered Sample
The non-sintered sample was further characterized using XRD to investigate the crystallographic structure of the sample and ascertain whether the sample was amorphous or crystalline phase. The XRD pattern of the sample is shown in Fig. 3 .
The phases were identified with the PDF diffraction lines using search-match method [39] . As can be seen, the diffraction pattern indicates the presence of two phases in the sample. The first phase is bayerite/ β-Al(OH) 3 which is indicated by the most intense peak at 2θ =18.80° (PDF-12-0457), the second phase of is boehmite/AlOOH with the most intense peak at 2θ = 14.28° (PDF-21-1307). The presence of alumina in the hydrate form as seen by the XRD is in accordance with the functionality of the sample revealed by the FTIR analysis; therefore the two characterization techniques confirm the formation of aluminum hydroxides. For evaluation of the particle size distribution and surface morphology, the sample was characterized using PSA and SEM techniques, and the results obtained are shown in Fig. 4 .
As can be seen, in term of the particle size, the sample composed of two groups, in which the first has a particle size in the range of 10-70 μm with the population of 58.5%, and the second has the particle size in the range of 0.7-3.0 μm, with the population of 41.5%. The existence of two particle size groups in the sample is in agreement with the surface morphology of the sample as seen by SEM. As can be seen, the surface of the sample is characterized by the existence of clusters of different shapes and sizes. These different shapes and sizes can be attributed to the different aluminum hydroxide species as demonstrated by the results of phase identification using XRD technique, previously described.
Phase Developments Studies
To study phase development, the samples subjected to sintering treatment at 400, 800, and 1200°C
were characterized using FTIR, XRD and SEM. The FTIR spectra of the samples treated at different temperatures are compiled in Fig. 5a -c.
The most obvious change in the functionality of the samples compared to that of the non-sintered sample (Fig. 2) is the reduction of the intensity of the band assigned to O-H bond, presumably due to evaporation of trapped water and the release of water from Al(OH) 3 molecules. As a consequence, the intensity of absorption band at around 468 cm -1 , assigned to Al-O vibration, increased and accompanied by the emergence of new band at around 723 cm -1 assigned to Al-O-Al, which is in agreement with the decreased intensity of the peaks assigned to O-H bond, while the emergence of peak attributed to Al-O-Al is an indication of conversion of Al(OH) 3 into aluminum oxides. The results for sintered samples also display gradual disappearance of the absorption peaks at 3476 cm -1 up to sintering temperature of 800°C and practically disappeared at temperature of 1200°C, implying that complete removal of water was achieved at temperature of 1200°C, which also suggest that complete transformation of Al(OH) 3 phase into oxide phase has been achieved at this temperature. Conversion of Al(OH) 3 into oxides is in agreement with stepwise strengthening of the band associated with Al-O-Al at 723 cm -1 . The FTIR analyses revealed very evidently the changes in the functionality of the samples. To gain information regarding the relation between the functionality change and phase development, the samples were furthered characterized using XRD. The X-ray patterns of the samples are presented in Fig. 6a -c.
The phases were identified with the PDF diffraction lines using search-match method, showing the presence of γ-Al 2 O 3 (PDF-10-0425) with the most intense peak at 2θ = 67.2°, and α-Al 2 O 3 (PDF-46-1212) with the most intense peak at 2θ = 35.2°. For the sample sintered at temperature of 400°C (Fig. 6a) the presence of γ-Al 2 O 3 clearly detected, together with small amount of AlOOH, which suggests that at this temperature aluminum hydroxides exist mainly in noncrystalline state. The sample sintered at temperature of 800°C (Fig. 6b) is marked by disappearance of peak associated with AlOOH, while the intensities of the peak (Fig. 6a) . This implies that decomposition of Al(OH) 3 with the release of OH species was achieved at 800°C, which suggest that dehydration and desorption of surface hydroxyl groups lead to the formation of γ-Al 2 O 3 has been achieved at this temperature. In previous studies [29] , it was concluded that the presence of γ-Al 2 O 3 is most likely a result of aluminum hydroxide crystallization at temperature range of 750-900°C [27] . In the present study, it was also found that thermal treatment lead to gradual conversion of AlOOH, β-Al(OH) 3 and γ-Al 2 O 3 into α-Al 2 O 3 , in which the treatment of the sample at 1200°C was found to lead to sharp increase in the amounts of α-Al 2 O 3 , and practical disappearance of the other phases (Fig. 6c) . This finding confirms that complete crystallization γ-Al 2 O 3 into α-Al 2 O 3 , as has also been suggested by others [27] .
As previously described, the results of PSA and SEM analyzes for the non-sintered sample indicates the existence of particle with different size. For comparison, the morphology of the sintered samples was characterized using SEM. The images were shown in Fig. 7a-c. The microstructure of the sample sintered at 400°C (Fig. 7 a) does not show any major difference to that of the sample treated at 800°C (Fig. 7 b) . Both samples are marked by initiated coalescence of aluminum hydroxide spheres which are still amorphous. This feature suggest that at 400 and 800°C, part of the amorphous aluminum hydroxides phase started to change and allowed for particles rearrangement of Al 2 O 3 , before the formation of α-Al 2 O 3 takes place, that appears to form at 1200°C as observed in the XRD results (Fig. 6c) . The formation α-Al 2 O 3 can be seen more clearly by inspecting the SEM micrograph of the sample treated at 1200°C (Fig. 7c) , which displays relatively very uniform surface with small grain sizes, and covered the entire surface. Increasing sintering temperature was found to intensifying the formation of alumina as indicated by XRD result (Fig. 6c) .
CONCLUSION
The present study has demonstrated that electrochemical method is a potential alternative method for production of alumina precursor, composed of two groups of particle as seen by the PSA technique. Sintering treatments suggested that gradual conversion of the precursor took place through transformation of AlOOH, β-Al(OH) 3 and γ-Al 2 O 3 , into final phase of α-Al 2 O 3 at 1200°C, marked by relatively homogeneous surface morphology with relatively small particle size as seen by SEM technique. This phase transformation is supported by the change in the functionality of the samples as seen by the FTIR technique, and phase composition as seen by XRD technique.
